This paper discusses the measurement of moisture content present in soil by computing the dielectric constant of soil samples at three frequencies, using microwave free-space transmission technique. This leads to the determination of inherent moisture content in the samples by applying Topp's Equation. The change in the value of dielectric constant and the subsequent increase in the moisture content for each of the soil samples with added moisture levels at 20%, 23.1% and 28.6% are noted. Dielectric constant of some common materials such as free-space, FR4, acrylic and water are measured to check the efficacy of the proposed method.
Introducti on
When micro waves are directed towards a material, energy gets reflected or transmitted through the surface or absorbed by it. The proportions of energy, which fall into these three categories, have been defined in terms of material properties. Permitt ivity ε and permeability μ are the key parameters describing the interaction of materials with electro magnetic fields 1 . It has been found that permittiv ity is not only frequency dependent but also dependent on density, water content, profile, sampling depth, mineral co mposition, granular size d istribution, porosity, boundary conditions, vegetation canopies and geograph ic conditions; some of these parameters, especially the last few, are typical in the case of Soil. Dielectric profiles of materials are investigated in different parts of the frequency spectrum. Since recent research applications are concentrated at micro wave frequencies, the work focuses in this range. At microwave frequencies, various non-resonant and resonant techniques are availab le fo r the measurement of dielectric constant of materials, which include transmission line, free-space, coaxial p robe and cavity techniques.
The methods for measurement o f soil mo isture content are discussed in Section 2. The experimental setup and methodology are described in Section 3 and the results are discussed in Section 4. This is followed by the conclusion.
Methods of Measurement of Soil Moisture Content
The objective of this work is to discuss the measurement of mo isture content present in soil by co mputing the dielectric constant of soil samples using microwave free-space transmission technique. Application of an electric field changes the electric charge d istribution of a material. Dielectric permittiv ity is a measure of this change It is commonly exp ressed in relation to that of free space and is therefore termed as complex relative permittivity, ε r . ε r , given in equation (1), describes the material behaviour in the electric field. The real part, ε r ' is called the dielectric constant and the imaginary part , ε r " is called the loss factor. ' "
Dielectric constant represents the ability o f a material to store electric energy, wh ile the loss factor represents the loss of electric -field energy in the material. Another parameter frequently employed is the loss tangent, defined as the ratio of the loss factor to the dielectric constant, as defined in equation (2) .
ε r varies with frequency and characteristics of materials such as moisture content, temperature and density. Soil is defined as the unconsolidated mineral material on the immediate surface o f the eart h that (i) serves as a natural med iu m for the growth of land plants and (ii) has been subjected to and influenced by genetic and environmental factors of parent material, climate (including moisture and temperature effects), macro and micro organisms and topography, all acting over a period of t ime and producing a p roduct that differs fro m the material fro m which it has derived all the properties and characteristics. Microwaves are capable of penetrating more deeply into vegetation and soil as compared to optical waves. The depth of penetration is more fo r dry vegetation and dry soil. The penetration decreases with increase in the mo isture content in vegetation and soil. This is due to the variability of dielectric constant of the dry material in the presence of water. The dielectric constant of dry soil varies between 2-3 depending upon the texture whereas the dielectric constant of pure water is around 80 at roo m temperature and at around 1 GHz. Thus the dielectric constant will v ary between dielectric constant of dry soil and of the saturated soil which is around 30. Hence one can measure the moisture content in soil by computing the dielectric constant of the soil. The electro magnetic (EM) properties of soil are not only frequency dependent but also dependent on density and water content. Surface soil moisture is the water in the upper 10 cm of soil. In the t wo-way interaction between land and atmosphere, soil mo isture is the second most important forcing function -the first being sea-surface temperature -and it becomes a significant factor in the summer months. Therefore the systematic study about the micro wave sensing of soil properties has evolved as a major need of the hour [2] [3] [4] [5] [6] [7] .
Various mixture equations have been published for soil with different ra nges of application. There are two categories of such equations. The first category is empirical equations for determin ing wa ter content and/or soil density 8 . The second category is classified as volumetric mixing models, wh ich are derived fro m d iscrete ca pacitor network theories or continuum mean field theories 9 .
Soil water content is expressed on gravimetric basis or volu metric basis.
Gravimetric water content (θg) is the mass of water per mass of dry soil 
The Experi mental Setup and Methodolog y
As mentioned, the experimental setup is based on the free-space transmission technique, developed and tested successfully for the measurement of the dielectric properties of granular materials 10 . The measurement of attenuation and phase shift of microwaves traversing a layer of the soil sample g ives the ε r ' and ε r ". In this work, a pair of identical coaxial p robe-fed microstrip patch antennas (MPA) fabricated on a substrate (with ε r ' = 4.4, tan δ = 0.02 and thickness = 1.6 mm) are made to transmit/receive. A slab-holder containing the soil samp les, whose dielectric properties are to be determined, is p laced in between. The study is conducted at three frequencies, viz. 1.85 GHz, 2.45 GHz and 5.35 GHz, in the L, S and C bands. Rohde & Sch warz ZVB8 Vector Net work Analyzer (VNA ) is used for measurement.
The antennas are connected to the VNA. The VNA is calibrated in transmission mode (response -type calibration) with a bandwidth of 300MHz, centred around the respective resonant frequency, with the empty sample holder between the two antennas. The sample holder is a bo x of rectangular cross -section made of acrylic, a material with a dielectric constant close to 3. Its dimensions are 10cm x 10cm x 0.3cm. After calibrating the VNA, each soil sample is inserted into the sample holder. Measurements of magnitude and phase of transmission coefficient ( |S21| and Ф), give the attenuation A and phase shift Ф according to equations (6) and (7), where n is an integer to be determined. 21 20log S dB A (6) 2 deg n
The dielectric constant of each sample is computed using equation (8 (8) where c is the velocity of light (m/s), f is the frequency (Hz) and d is the thickness of the layer of the soil (m).
Typical antenna geometries are shown in Fig. 1 ; d imensions for the three frequencies are given in Tab le 1. All these samples are individually mixed with 5ml, 6ml and 8ml of water; the effect of extra-added mo isture in soil fro m the variation in the dielectric constant is thus analysed. 5ml water in 20 ml soil corresponds to a θv of 5/25 = 20%; similarly 6ml and 8ml water in 20 ml soil correspond to a θv of 6/26 = 23.1% and 8/ 28 = 28.6% respectively.
ε r ' of each dry soil sample is then calculated using equation (8) . θv in each case is computed using equation (5). This gives the amount of inherent moisture content present in the soil sample. Then ε r ' of each wet soil sample corresponding to the amount of water ext ra-added is calculated. θv is computed again for the three water levels mentioned above. Dielectric constant of some common materials such as free -space, FR4, acry lic and water is also measured to verify the efficacy of the proposed method.
Experimental Results and Discussion
Experiment is done on 62 samp les of soil. Significant results of 9 samples are presented. Table 2 shows the dielectric constant of the soil samples at the three frequencies. A plot of this is shown in Fig. 2 .
On analysis of these values, it is seen that there is a variat ion in the ε r ' with frequency for all samples; the However no fixed pattern for the variation can be noted, which is suggestive of the fact the specific value of ε r ' depends on the electrical, agronomic and organic properties of the soil samp le. The data sheet says that there is a variation in the TSS content and also in the contents of the organic compounds in each of the samples. Also, even though a degree of dryness is claimed in the data sheet, there is always a possibility of so me 'mo isture' in any sample of soil, which certainly affects ε r '. Figs. 3 (a to i) show the dielectric constant of all 9 samples of soil co mputed with inherent mo isture conten t levels and extra-added moisture levels at the three frequencies. The above figures show that ε r ' decreases with increase in frequency for most of the soil samp les, for both the dry and wet cases. However, some samples -especially the alkaline ones -show a different behaviour at 2.45 GHz. As the pH of these samples is close to 7.0 (the pH of pure water), it is inferred that wa ter behaves differently at this frequency; this behaviour needs further investigation. Tables 3 (a to c Fro m the above tables, it is evident that the method is able to correctly measure the amount of moisture added to the soil samples; the maximu m error not going beyond 0.7% fo r any sample and fo r any frequency. The dielectric constant of some common materials such as free-space, FR4, acrylic and water is also measured to validate the effectiveness of the method, as illustrated in Table 4 The values obtained are in good agreement with those available in literature. A lso, the change in relationship of ε r ' with frequency in the case of water is evident and worth looking into for future study.
Conclusion
The method exp lores the relevance of usage of mic rowave frequencies for soil mo isture estimat ion. The quantity of water in a soil profile can be used to determine the extent of irrigation required. Also, it is concluded that the freespace transmission technique, considered difficult at lo w micro wave frequencies because of the need for a large structure and large amounts of soil samples, can be conveniently used along with a simple microstrip patch antenna and a suitable sample-holder, wh ich is immune to microwave radiation.
